Piezoelectric fibers with internal electrodes were fabricated by the co-extrusion process. The initial feedrods, which were composed of an outer piezoelectric PZN-PZT layer, a thin conducting PZN-PZT/Ag layer inside, and fugitive carbon black at the center, were co-extruded through a reduction die (1 mm) to form a continuous fiber. After thermal treatment and sintering, the PZN-PZT/Ag layer became the inner electrode, while the carbon black at the center was removed by oxidation to form an empty space. Three different types of fibers were produced: (i) solid fiber filled with an inner electrode, (ii) hollow fiber clad with a uniform inner electrode, and (iii) hollow fiber clad with a partial inner electrode. The piezoelectric properties of the fibers were evaluated in terms of their longitudinal strain (s 31 ) or transverse displacement. When the dimensions of the fiber were 840 lm (outer diameter) Â 420 lm (inner diameter) Â 40 mm (length), the longitudinal strains of the solid fiber with the inner electrode and hollow fiber clad with the uniform inner electrode were 5.25 Â 10 À5 and 8.5 Â 10 À5 m/m, respectively, under an applied voltage of 100 V (0.48 kV/mm) at a frequency of 100 Hz. For the hollow fiber clad with a partial inner electrode with the same dimensions, the transverse displacement was 80 lm under the same applied electric field.
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I. Introduction P IEZOELECTRIC ceramics have been extensively used for actuators and transducers. 1 Among these piezoelectric ceramics, lead zirconate titanate and other lead-based relaxor materials have attracted much attention, as these ceramics have excellent electromechanical properties, such as high piezoelectric coefficients, high electromechanical coupling coefficients, and high dielectric constant. [2] [3] [4] [5] However, the electric-field-induced strains are typically less than 0.1% in polycrystalline materials, up to 1% in some single crystals. 6 To amplify this small displacement, various types of actuators have been developed, which make use of the transverse mode, such as the RAINBOW, Moonie, and THUNDER actuators. These actuators effectively convert the transverse strain into a longitudinal one or vice versa. [7] [8] [9] Piezoelectric materials in the fiber form are very useful for various actuator applications, such as micro-scaled ultrasonic motors [10] [11] [12] [13] and piezo-composites for ultrasonic transducers. [14] [15] [16] There are several manufacturing processes that can be employed for the fabrication of piezoelectric fibers, including extrusion, electro-spinning, and the sol-gel drawing method. [17] [18] [19] [20] In these processes, the PZT fibers are able to be fabricated in micro-/ nano-size with good uniformity. However, as these piezoelectric fibers have a simple solid structure, they are supposed to be operated in the longitudinal piezoelectric mode (d 33 mode), so that their displacements are generally limited to less than 1 mm. Therefore, in order to increase the displacement under a reasonable operating voltage, different types of fibers need to be developed.
In this research, we developed new piezoelectric fibers that utilize the transverse mode (d 31 mode), by inserting electrodes at the center of the fibers. These fibers are composed of the PZN-PZT ceramic that can be sintered to full density at temperatures as low as 8601C. [21] [22] [23] [24] As an electrode material, PZN-PZT mixed with 50-60 wt% silver (Ag) particles was used. By co-extruding 25, 26 and subsequently co-firing the PZN-PZT and PZN-PZT/Ag, three types of piezoelectric fibers were fabricated: (i) solid fiber filled with an inner electrode, (ii) hollow fiber uniformly clad with an inner electrode, and (iii) hollow fiber clad with a partial inner electrode. These fibers were poled to the radial direction so as to utilize the transverse (d 31 ) mode. The displacement of these fibers is proportional to their length, which is virtually limitless.
II. Experimental Procedure
Piezoelectric fibers with a uniform inner electrode were fabricated using PZN-PZT, PZN-PZT/Ag, and carbon black. The PZN-PZT is piezoelectrically active while the PZN-PZT/Ag is electrically conductive. Carbon black was used as a fugitive material and was removed during the heat-treatment process. The composition of the PZN-PZT was fixed to Pb((Zn 1/3 Nb 2/3 ) 0.2 (Zr 0.5 Ti 0.5 ) 0.8 )O 3 and that of the PZN-PZT/Ag was fixed to 40 wt% PZN-PZT/60 wt% Ag or 50% PZN-PZT/50% Ag based on our previous studies. [22] [23] [24] Highly pure PbO, ZnO, TiO 2 , ZrO 2 , and Nb 2 O 5 (all of 99.9% purity, Aldrich Chemical Co. Inc., Milwaukee, WI) were used as the starting materials. These powders were mixed by ball milling using zirconia balls and ethanol as media for 24 h. After ball milling, they were dried on a hot plate and subsequently calcined at 8501C for 4 h. The calcined powder was then ball milled again for 72 h. Carbon black powder (Carbot Black Pearls BP-120; Carbot Corp., Boston, MA) was used as the fugitive material.
The PZN-PZT, PZN-PZT/Ag, and carbon black (powders B60 vol%) were blended separately with thermoplastic binders consisting of EEA-based polymer (EEA 6182; Union Carbide, Danbury, CT) using a heated high-shear mixer (Mixer-100, Jeong-sung Inc., Seoul, Korea) at 1101C. Each thermoplastic compound was molded using a cylindrical mold or a half-piped mold.
The initial feedrod for the solid fiber filled with an inner electrode was made by warm pressing the PZN-PZT at 1101C using a cylindrical mold with a diameter of 22 mm. After drilling a hole with a diameter of 11 mm at the center, a pre-pressed 50% PZN-PZT/50% Ag cylinder was inserted. The feedrod for the hollow fiber clad with a uniform inner electrode was fabricated 1333 J ournal in a similar manner. After warm pressing the PZN-PZT and drilling a hole at the center, a carbon black cylinder (diameter of 10 mm) clad with a PZN-PZT/Ag electrode layer with a thickness of 0.5 mm was inserted into the hole. The feedrod for the hollow fiber clad with a half inner electrode was fabricated using the same procedure, except that only half of the carbon black was clad with the PZN-PZT/Ag electrode layer. These initial feedrods were co-extruded using a reduction die with a diameter of 1 mm at 1101C with a cross-head speed of 3 mm/min, as schematically shown in Fig. 1 . 25, 26 The produced green fibers were continuous and flexible, having the same cross-sectional shape with the initial feedrods. The binders in the green fibers were removed in a furnace by slow heating in air up to 6001C, to prevent the formation of defects. The fibers were sintered at 9001C for 4 h in air at a heating rate of 51C/min under a PbO-rich atmosphere in an alumina crucible. The green and sintered specimens were observed using an optical microscope (PMG3, Olympus, Tokyo, Japan).
In order to measure their piezoelectric displacements, a silver paste (DS-7175VR, Daejoo Electronic Materials Co., Ltd., Seoul, Korea) was applied to the surface of the sintered fibers, followed by heat treatment at 5001C for 30 min. The fibers were poled in a silicone oil bath at room temperature by applying an electric field of 2 kV/mm for 30 min. The displacements of the fibers were measured with a digital laser vibrometer (OFV552, Polytec, Waldbronn, Germany). The electric field was generated using a function generator and a high-voltage amplifier (E-507, PI, Karlsruhe, Germany). The theoretical displacements of the fiber were calculated based on finite-element analyses performed with a commercial software package (ATILA, ISEN Recherche, Lille, France).
III. Results and Discussion
Three types of piezoelectric fibers with inner electrodes, each having an outer diameter of 840 mm and an inner diameter (or core) of 420 mm, were fabricated using PZN-PZT, PZN-PZT/ Ag, and carbon black by the co-extrusion process. The PZN-PZT showed good electromechanical properties, even though it was sintered at low temperatures (o9001C). 21, 22 Considering the electrical conductivity, densification mismatch, and viscosities of the thermoplastic compounds, the electrode layer for the hollow fibers was fabricated by mixing 40% PZN-PZT and 60% Ag, while that for the solid fiber was made by mixing 50% PZN-PZT and 50% Ag. The electromechanical properties of the PZN-PZT were as follows: piezoelectric coefficient, d 33 , which is comparable with that of pure silver. The PZN-PZT and Ag did not react, as evidenced by the SEM micrographs and XRD patterns. 23, 24 Optical photographs of initial feedrods after warm pressing are shown in Figs. 2(A) -(C): solid fiber filled with an inner electrode ( Fig. 2(A) ), hollow fiber clad with a uniform inner electrode ( Fig. 2(B) ), and hollow fiber clad with a partial electrode (Fig. 2(C) . The initial feedrods were co-extruded through a reduction die with 1 mm diameter to yield uniform and flexible green fibers.
After the binder burn-out and sintering processes, the fibers maintained exactly the same shapes with the initial feedrods. A cross-sectional micrograph of the solid fiber filled with an inner electrode after sintering is shown in Fig. 3(A) . The dimensions of the green fiber with an outer diameter of 1 mm containing an inner electrode with a diameter of 500 mm shrank to 840 and 420 mm, respectively, indicating a 40 vol% shrinkage during sintering. The hollow fiber clad with a uniform inner electrode and that clad with a partial inner electrode showed similar shrinking behavior to that of the solid fiber, as shown in Figs. 3(B) and (C). The thickness of the PZN-PZT/Ag electrode layer was in the range of 20-40 mm, rendering the electrical conductivity sufficiently high.
The piezoelectric properties of the fibers were measured under an alternating current at a frequency of 100 Hz. The displacements of the solid fiber and hollow fiber with a uniform electrode were monitored at the center of the specimens in the longitudinal configuration as shown in Fig. 4(A) . The displacements of the fibers, each having an outer diameter of 840 mm, an inner (or core) diameter of 420 mm, and a length of 40 mm, as a function of the electric voltage are shown in Fig. 4(B) . When an AC field of 100 V (0.48 kV/mm) was applied at a frequency of 100 Hz, the solid fiber and hollow fiber with a uniform electrode showed displacements of 2.1 and 3.4 mm, respectively (4.2 mm and 6.8 mm, respectively, at 200 V p-p ). The displacements of the fibers increased almost linearly with respect to the applied voltage. The strains (s 31 ) of the fibers were calcutated by dividing the displacements by the original fiber length (40 mm) and are depicted in Fig. 4(B) along with the displacements. The displacement of the fiber can be estimated theoretically by considering the force balance between the piezoelectric material and the electrode. The longitudinal displacement (DL 31 ) of the solid fiber filled with an inner electrode or the hollow fiber clad with a uniform electrode can be expressed as follows 27, 28 :
where d 31 is the transverse piezoelectric coefficient, L is the length of the fiber, V is the electric voltage, and d is the wall thickness. E is the elastic modulus and A is the area of the material, where subscripts 1 and 2 refer to the PZN-PZT and PZN-PZT/Ag electrodes, respectively. This equation indicates that the displacement of the fiber is proportional to the length of the fiber (L). Therefore, even though the transverse piezoelectric coefficient (d 31 ) is less than half of the longitudinal coefficient (d 33 ) for the same material, a very high displacement can be achieved by utilizing the d 31 mode. The above equation is good for the first estimation of the displacement of the fibers. However, the measured displacements were consistently lower than those calculated. The discrepancy is thought to be mainly because of the geometric effects, i.e., the decrease in the average voltage as a result of the cylindrical shape of the specimens. 16 Considering these geometric effects, more accurate estimations on the displacement were made using FEM analyses. For the FEM analyses, a commercial program (ATILA) was employed. The calculated displacements, depicted by the dashed lines in Fig. 4(B) , were very close to the measured values, indicating that the performances of the piezoelectric fibers with an inner electrode almost reached their full potentials.
The transverse displacement of the hollow fiber with a partial inner electrode was measured at the tip of the fiber in a cantilever configuration, as shown in Fig. 5(A) . The displacement of the fiber in the transverse direction was very high, as shown in Fig. 5(B) . The transverse displacement (DZ) of this unimorphtype fiber may be estimated theoretically as follows
where t is the distance from the neutral axis to the piezoelectric material. Like the longitudinal measurements, the measured displacements were consistently lower than calculated values based on Eq. (2). The discrepancy is again attributed to the geometric effects. 16 Taking the geometric effects into consideration, the displacement was estimated more acurately by using the FEM program and is depicted by the dashed line in Fig. 5(B) . The measured displacement was reasonably close to the calculated one, especially at high voltages. These results indicate that the piezoelectric fibers with inner electrodes reached their full potentials. Therefore, these fibers are potentially very useful for applications that require large displacements.
IV. Summary and Conclusions
Three different types of piezoelectric fibers were fabricated by the co-extrusion process: solid fiber filled with an inner electrode, hollow fiber clad with a uniform inner electrode, and hollow fiber clad with a half inner electrode. These fibers were fabricated with an outer piezoelectric PZN-PZT layer, an inner conducting PZN-PZT/Ag layer, and fugitive carbon. By utilizing the transverse mode (d 31 ) of the fiber, large longitudinal, or transverse displacements were achieved. The displacement that can be achieved with this type of fiber is limitless, as it is proportional to the fiber length, which can be increased at will. 
